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1 The model

In this study we use a stochastic individual-based model for Varicella-Zoster Virus (VZV) trans-
mission and reactivation. Full details are provided hereafter.

1.1 Description

The population is stratified by 101 one-year age classes, a ∈ {0, 1, 2, ..., 99, 100+}. The model
accounts for the vital dynamics of the Spanish population, by considering yearly variations in
birth rate, mortality rates and migration fluxes. All individuals are born susceptible to VZV
and acquire varicella with a time-dependent, age-specific force of infection (FOI) defined as:

λj(t) = β
∑
k

Cjk(t)yk(t) (1)

where

• λj(t) is the FOI for age class j at time t;

• β is the VZV transmission rate;

• Cjk(t) is the contact matrix at time t, defined as the number of contacts of an individual
in the age group j with individuals in the age group k. More specifically, it is computed
at each time as Cjk(t) = C̃jkπk(t), where estimates for contacts provided in [1], C̃jk, are
rescaled by the current fraction of individuals in the age group k over the total population,
πk(t).

• yk(t) is the fraction of varicella-infectious individuals within the age group k at time t;

This form of the FOI was previously proposed in the classical modelling literature for measles
[2, 3] and theoretically analysed [4] in the context of demographic changes. In formulation
(1), we neglect the contribution of Herpes Zoster (HZ) infected individuals to the FOI, based
on the observation that HZ is less infectious and much less frequent than varicella [5]. VZV
infected individuals recover at a constant rate γ. Once recovered from varicella, individuals gain
lifelong immunity to VZV reinfection and become susceptible to HZ. The risk of developing HZ
is reduced by subsequent re-exposures to VZV infectious individuals, called boosting events,
that occur at a rate proportional to the FOI through a coefficient z ∈ [0, 1]. This coefficient
represents the assumption that only a fraction z of the contacts that would result in varicella
infection in susceptibles triggers a boosting of the immune response against HZ.
HZ susceptible individuals reactivate VZV, thus developing HZ, according to a risk that depends
on the number of VZV exposure episodes i, on the age of the host a and on the time elapsed
since last VZV exposure τ . In particular, we assume the same functional form as in [6]:

ρi(a, τ) = ρ0q
(i−1)2eθa(a−a0)+eθτ τ (2)

where
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• ρi(a, τ) is the VZV reactivation risk;

• the term q(i−1)2 , where q ∈ [0, 1], accounts for the reduction of HZ risk when the number
of VZV exposures increases (i = 1 represents primary varicella infection);

• the exponential term eθa(a−a0)+ , where θa > 0 and (a − a0)+ := max(0, a − a0), accounts
for the increase of HZ risk due to immunosenescence of the host [7]. We assume that aging
begins to have an effect on the risk of reactivation starting from age a0 = 45 years [8, 6];

• the exponential term eθτ τ , where θτ > 0, accounts for the increase of HZ risk as the time
elapsed since last VZV exposure episode increases;

• ρ0 is the risk of developing HZ for individuals younger than 45 years of age (a < a0), who
have just recovered from varicella infection (τ = 0, i = 1).

Individuals who have developed HZ are assumed to become permanently immune to VZV re-
activation, based on the fact that recurrent HZ is relatively uncommon in immunocompetent
persons [9], as detailed in the Methods section in the main text.
A schematic representation of the model is given in Figure S1.

Figure S1: Flow diagram of the model. Varicella and HZ. S: VZV susceptible individuals; I:
varicella infectious individuals; ZS1,ZS2, ...,ZSn: HZ susceptible individuals with respectively 1, 2, ..., n
episodes of previous exposure to VZV; Z: individuals who have developed HZ. λ(t): time-dependent
force of infection, γ: constant recovery rate from varicella, z: boosting efficacy and ρ1(a, τ), ρ2(a, τ),
..., ρn(a, τ): VZV reactivation rates.

The model requires the tracking of HZ susceptibility states by age, time since last exposure to
VZV and cumulative number of re-exposures. Considering 100 one-year age groups, a mean
number of lifetime re-exposures of about 7 (see Section 3) and a yearly discretization for the
time since last exposure, the number of possible states for individuals susceptible to HZ amounts
to at least 7 × 100 × 100/2 = 35, 000 (division by 2 accounts for the time since last exposure
being always smaller than chronological age), which possibly underestimates the actual num-
ber of states, since some individuals may experience more than 7 re-exposure episodes. In this
study, the considered population size replicates the one on which the HZ calibration dataset
was collected (the region of Navarra, about 600,000 individuals in 2009). Comparing population
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size with the number of HZ susceptibility states, it results that the mean population in each
state is smaller than 600, 000/35, 000 ≈ 17. This number gets even smaller if we consider the
possible underestimate of the number of HZ susceptibility states, that the models population at
the beginning of the century was about 1/3 of the current one, that not all individuals are HZ
susceptibles and that the distribution of the population across model states is not homogeneous.
Deterministic models assume a continuous variable for the population size over the various struc-
tural dimensions (represented here by chronological age, age since last exposure, and number
of exposures): such assumption is only valid for a sufficiently large number of individuals in
each compartment. For these reasons we preferred a stochastic individual-based model over a
deterministic one.

1.2 Simulation algorithm

For each individual we take into account:

• age a, measured in years, a ∈ {0, ..., 100};

• epidemiological status:=


Susceptible to VZV

Infected by varicella

HZ susceptible

Infected or recovered from HZ

• number of VZV exposures


i = 0 Varicella susceptible individual

i = 1 Primary varicella infection

i > 1 Subsequent boosting episodes

• a∗, age of the individual at the time of last VZV exposure occurrence.

Time is discretized using a step of 1 week. At each time step the following events occur:

• Recoveries: the number of recoveries is obtained by sampling a Poisson distribution with
parameter γI, where γ is the recovery rate and I is the current total number of infectious
individuals.

• Primary varicella infections: the number of varicella infections is obtained, for each age
group j, by sampling a Poisson distribution with parameter λjSj where λj is defined in Eq.
(1) and Sj is the current total number of susceptibles in age group j. For each infected
individual, i is set to 1 and a∗ is updated with his current age.

• Boosting events: the number of boosting events is obtained, for each age group j, by
sampling a Poisson distribution with parameter zλjZSj, where z is the parameter which
accounts for boosting efficacy, λj is defined in Eq. (1) and ZSj is the current total number
of HZ susceptibles in age group j. For each boosted individual, i is incremented by 1 and
a∗ is updated with his current age.
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• Births: the number of births is obtained by sampling a Poisson distribution with parameter
bN/52, where b, N denote respectively the crude birth rate for the current year and the
current total population.

The following events occur at a yearly frequency (at the end of each year):

• VZV reactivations: for each HZ susceptible individual with i VZV exposure episodes, age
a, and time since last exposure τ = a − a∗, VZV reactivation may occur according to a
Bernoulli sample with probability ρi(a, τ), defined in Eq. (2).

• Deaths: for each individual of age a death may occur according to a Bernoulli sample
with probability µ(a), representing age-specific mortality rate for the current year. µ(a)
is obtained as the weighted mean of male- and female-specific mortality rates for age a,
where the weight is the sex ratio.

• Migrations: a number of individuals is added or removed from the population based on the
relative age-specific migration flux for the current year. In the case of a positive migration
rate, the epidemiological status of added individuals is assigned according to the current
epidemiological profile in the resident population.

• Aging: at the end of each year the age of all individuals is incremented by 1, with the
exception of those belonging to the age class a = 100.

1.3 Model inputs

The model takes as input the following data:

• yearly birth rates [10] for the time period considered in the simulation (shown in Figure 1,
main text);

• annual sex- and age-specific mortality rates [11] for the considered period (Figure S2a-b);

• yearly migration fluxes [12, 13] (Figure S2c);

• age structure of the migrant population [14];

• age-specific contact matrix estimated for Spain in [1].

2 Model calibration

The model has six free parameters:

• the VZV transmission rate β;

• four parameters defining the VZV reactivation rate: ρ0, θa, θτ , q (see Eq. (2));

• the boosting efficacy z.
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Figure S2: Historical demographic data. a Age-specific mortality rate, females [11]. b Age-specific
mortality rate, males [11]. c Yearly migration flux in % of the population [12, 13]

The parameter vector is defined as Θ = (β, ρ0, θa, θτ , q, z). The posterior distribution of pa-
rameters was explored by using Markov Chain Monte Carlo (MCMC) applied to the likelihood
of observed data, using uniform prior distributions. The likelihood is defined as the product
between the binomial likelihood LA of the observed VZV serological profile by age in 1996 [15]
and the Poisson likelihood LB of the observed HZ incidence profile by age in 2005-2006 [16].
Specifically,

LA(nm, rm|Θ) =
M∏
m=1

nm!

rm!(nm − rm)!
(pm(Θ))rm(1− pm(Θ))nm−rm (3)

where

• M is the number of ages considered in the serological profile [15];

• nm is the number of individuals of age m observed in [15];

• rm is the number of seropositive individuals of age m observed in [15];

• pm(Θ) is the VZV seroprevalence for age m, simulated by the model in 1996 with parameter
set Θ.

and

LB(kj|Θ) =
∏
j∈J

e−ηj(Θ)(ηj(Θ))kj

kj!
(4)

where

• J is the set of age groups in the HZ incidence profile [16];

• kj is the total number of HZ cases in the j-th age group observed in [16];
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• ηj(Θ) is the number of HZ cases in the age group j, simulated by the model in 2005-2006
in a population of the same size as that analyzed in [16], with parameter set Θ.

We determined the posterior distribution of Θ using random-walk Metropolis-Hastings sampling
[17]. At each iteration, the algorithm evaluates the likelihood of a new candidate vector of param-
eters, that is accepted or not based on the standard Metropolis-Hastings algorithm. The values
of a new candidate parameter vector are randomly sampled from normal distributions having
mean equal to the current values and standard deviations given in Table S1. The algorithm is

Table S1: Standard deviations for parameters.
Parameter Standard Deviation Range

β 4.3 · 10−2 [0,+∞)
ρ0 7.0 · 10−5 [0,+∞)
θa 8.8 · 10−3 [0,+∞)
θτ 4.3 · 10−3 [0,+∞)
q 6.3 · 10−2 [0, 1]
z 2.4 · 10−2 [0, 1]

run for 22,000 iterations and a burn-in period of 2,000 iterations is considered. Convergence
is checked by considering several different starting points and by visual inspection. Estimated
mean values and 95%CI of parameters are reported in Table S2. The reported mean values and
credible intervals are computed from the selected realizations of the model, and thus account for
both the stochasticity of model realizations and the uncertainty in model parameters estimates.

Table S2: Estimates of parameters obtained for Spain.
Parameter Description Mean Unit 95% CI

β VZV transmission rate 1.02× 105 weeks−1 0.95× 105, 1.10× 105

ρ0 HZ risk at birth 1 2.63× 10−3 years−1 1.96× 10−3 , 3.21× 10−3

θa
Rate of risk exponential growth
with chronological age a 1 11.19× 10−2 years−1 7.53× 10−2 , 14.53× 10−2

θτ
Rate of risk exponential growth
with time since last exposure τ 1 4.77× 10−2 years−1 3.89× 10−2 , 5.81× 10−2

q
Parameter regulating HZ
risk reduction with increasing number
of re-exposures to VZV 1

0.64 0.46 , 0.81

z Boosting efficacy 0.73 0.64 , 0.83
1 ρi(a, τ) = ρ0q

(i−1)2eθa(a−a0)
+

eθττ

3 Additional results

3.1 Historical period (1900-2009)

The model is able to correctly reproduce the observed evolution of the population age structures
[10], as shown in Figure S3. The curves show downward peaks, reflecting the brisk drop of birth
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Figure S3: Age distribution of the population at different years as observed [10] (dotted lines) and as
predicted by the model (solid lines).

rate (Figure 1, main text) during the Spanish Civil War (1936-1939).
The remarkable changes in the population age structure shown above have led, according to
the model, to a reduction of VZV circulation. This has produced a reduction over time of the
estimated mean number of VZV re-exposures collected by HZ susceptibles (Figure S4), that has
led to the increase in HZ incidence (Figure 3c in the main text).
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3.2 Prediction scenarios (2010-2050)

In this section we discuss further results obtained for the illustrative scenarios presented in the
main text for Spain and results obtained for an official demographic projection scenario based
on the 2012 UN population prospects [18].
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Illustrative scenarios

The predicted evolution of the age structure of the Spanish population in the “Lowest-birth
rate” (L, Figure 1 in the main text) and“Highest-birth rate” (H, Figure 1 in the main text)
scenarios are shown in Figures S5a and S5c. Scenario L is characterized by a remarkable aging
of the population, whereas in scenario H the fraction of young individuals in the population
is predicted to increase. Such changes lead respectively to a decrease (scenario L) and to an
increase (scenario H) of VZV circulation, that influences the age-specific number of boosting
events within the population. In particular, as shown in Figure S5b, in scenario L the mean
number of boosting events by age is predicted to decrease during the period 2010-2050 and this
explains the predicted strong increase in HZ (see Figure 5c in the main text). On the other
hand, as shown in Figure S5d, the increasing VZV circulation in scenario H leads to an increase
of the mean number of VZV re-exposures for young people and adults, which partially mitigates
the HZ increase caused by demographic changes occurred during the last century (see Figure 5d
in the main text).

Age (years)

F
ra

c
ti
o
n
 o

f 
p
o
p
u
la

ti
o
n

0 20 40 60 80 100

0
.0

0
0

0
.0

1
0

0
.0

2
0

1980

2009

2020

2030

2040

2050

Age (years)

A
ve

ra
g
e
 n

u
m

b
e
r 

o
f 
V

Z
V

 r
e
−

e
x
p
o
s
u
re

s

0 20 40 60 80 100

0
1

2
3

4
5

6
7

1980

2009

2020

2030

2040

2050

Age (years)

F
ra

c
ti
o
n
 o

f 
p
o
p
u
la

ti
o
n

0 20 40 60 80 100

0
.0

0
0

0
.0

1
0

0
.0

2
0

1980

2009

2020

2030

2040

2050

Age (years)

A
ve

ra
g
e
 n

u
m

b
e
r 

o
f 
V

Z
V

 r
e
−

e
x
p
o
s
u
re

s

0 20 40 60 80 100

0
1

2
3

4
5

6
7 1980

2009

2020

2030

2040

2050

d

scenario  H

c

a b

scenario Lscenario L

scenario  H

Figure S5: a Age distribution of the population at different years in scenario L. b Mean number of
VZV re-exposures by age at different years in scenario L. c As a but for scenario H. d As b but for
scenario H.

Scenario based on UN demographic projections

In addition to the illustrative scenarios proposed in the main text we considered an official demo-
graphic projection scenario for Spain, based on the medium variant of the 2012 UN population
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prospects [18]. This scenario predicts an initial decrease followed by a recovery of the birth rate
between 2010 and 2050 (see Figure 1 in the main text) and a progressive decrease of migration
fluxes and mortality rates, especially in the elderly, during the same period.
As shown in Figure S6, results obtained for this scenario are quite similar to the baseline, which
assumes constant birth, mortality and migration rates for the whole prediction period. This is
because the variation in the birth rate predicted during the period 2010-2050 by the realistic
scenario considered is negligible when compared to that experienced during the last century and
HZ dynamics are much less sensitive to changes in migration fluxes and mortality rates in adults
and older individual, as they do not impact significantly on age groups involved in varicella
transmission.
In summary, even under realistic demographic projections, an increase of HZ incidence should
be expected in Spain as a consequence of the dramatic demographic changes that characterized
the last century.
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Figure S6: Predicted HZ incidence in Spain (2010-2050). Comparison between baseline
and realistic scenario. a Age-specific HZ incidence predicted by the model at different years for the
baseline scenario. b As a but fot the demographic scenario based on UN population prospects [18].

4 Vaccination

In addition to results provided in the main text, we report in Figure S7 the total incidence of
varicella and HZ over time under a vaccination program starting in 2010 and targeting children
of 15 months of age, considering different scenarios for the combined value of coverage and
efficacy: 80%, 90% and 100%. The Figure shows that coverage does not significantly affect the
HZ incidence; however coverage at 80% is not sufficient to provide elimination of varicella in the
long term.
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incidence over time. b Total HZ incidence over time.

5 Homogeneous mixing

To provide a comparison of model results under a different assumption on mixing patterns, we
recalibrated the model by assuming homogeneous mixing (i. e. Cjk(t) = 1). We show that the
model behavior is qualitatively similar to that reported in the main text, with a reduction over
the past century of VZV circulation (Figure S8a) and a growth in the mean age at varicella (S8b),
total and age-specific HZ incidence (S8c and inset) and mean age at VZV reactivation (S8d).
In particular, under the homogeneous mixing assumption, the predicted growth of the total HZ
incidence between 1997 and 2004 is higher (about 18%) than that predicted using age-specific
contact matrices (about 12%). We conclude that the HZ growth predicted as a consequence of
demographic changes is robust under different assumptions on mixing patterns.

6 A different formulation of exogenous boosting

The model was also recalibrated using a different formulation of the exogenous boosting hy-
pothesis. In this alternative formulation, the mechanism of VZV reactivation is modeled as in
[19, 20, 21]. In particular, once recovered from varicella individuals acquire lifelong immunity to
varicella and temporary immunity to HZ. After an average time of 1/δ the protection against
HZ wanes and individuals become susceptible to VZV reactivation. HZ susceptibles may either
be boosted or develop HZ. The risk of VZV reactivation has the following functional form [19]:

ρ(a) = ωe−φa + aηπ ω, φ, η, π > 0

The model is schematically described in Figure S9.
Results obtained are, again, qualitatively analogous to those shown in the main text, with an
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Figure S8: Estimated impact of demographic changes on VZV epidemiology by assuming
homogeneous mixing. Historical period (1900-2009). a Estimated age-specific VZV seropreva-
lence at different years. b Estimated mean age (and 95%CI, shaded areas) at varicella over time. c
Estimated age-specific HZ incidence at different years. The inset shows the total HZ incidence over
time and disaggregated by age group. d Estimated mean age (and 95%CI, shaded areas) at HZ over
time.

increasing trend in the estimated total HZ incidence (Figure S10a) over the last century. In this
case, the estimated growth is smaller than that predicted by the progressive immunity model
(reproposed here for convenience, Figure S10b). We conclude, that the HZ growth predicted as
a consequence of demographic changes is robust under different model formulations of exogenous
boosting.
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Figure S9: Flow diagram of the model based on [19]. S: VZV susceptible individuals; I: varicella
infectious individuals; ZI: individuals immune to HZ and VZV infection; ZS: HZ susceptibles individu-
als; Z: individuals who have developed HZ. λ(t): time-dependent force of infection, γ: constant recovery
rate from varicella, z: boosting efficacy, 1/δ: duration of immunity to HZ after exposure to varicella
and ρ(a): VZV reactivation rate.
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alternative model formulation based on a mechanism of temporary immunity. b As predicted by
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